Marine plastic pollution has become a major threat to the ecosystem. The increasing production and use of plastic, combined with limitations of waste management practices, mean the leakage of plastic waste into the environment is bound to increase. This study focuses on the determination of plastic recovery potential from dumpsites and landfills in Thailand, to potentially prevent marine plastic pollution. In this study, two dumpsites were analysed wherein an average of 42% of plastic was found to be present. This value, when extrapolated for Thailand, is equivalent to 187.9 million tonnes of plastic waste in dumpsites and landfills. While there are 2380 dumpsites in the country, this study suggests that 973 of these spread over 42 provinces are located near water bodies or coastline, which should be considered as a priority. The plastic waste recovered from these dumpsites can be treated by co-fuelling in cement industries. Cement kilns can valorise plastic waste as they can reach up to 75% energy recovery from waste, which is much higher compared to traditional waste-to-energy plants. With adequate incentives and sound regulations, cement industries could help in the reduction of marine plastic pollution with controlled emissions and a very large capacity to co-fuel cement production, there is a readily available solution to manage the large volumes of solid waste generated.
Introduction
Since its invention in 1907 by Leo Hendrik Baekeland, plastic has replaced many other forms of material and has proved its versatility. The persistent nature of plastic and ease of production has led to an increase of production, by 200 times, from 2.0 million tonnes in 1951 to 381.0 million tonnes in 2015 [1] . Because of its longevity, most of the plastic produced continues to exist for a very long time in the form of waste.
The utilisation of plastics has increased multi-fold in developing countries where economic growth and improved quality of life have increased the consumption of consumer products leading to a further increase in waste generation. The efforts on waste management in developing countries have not been able to catch up with growing amount of waste generated. Most developing countries still depend on traditional waste treatment methods, which consist of collection and disposal of waste either in dumpsites and landfills or illegal dumping.
This kind of waste collection and disposal leads to a very high possibility of leakage of waste at every stage of the process. Leakage of plastic waste into the environment is a global phenomenon and is not restricted to any particular country. Most leaked plastic waste ends up in oceans with an estimated 8 million tonnes added every year [2] . Plastic waste in the ocean is known to cause a decline in marine life around the world.
Plastic is known to photo-degrade over time into microplastics, which due to their smaller size can be consumed by aquatic animals and thus enter the food chain. The spread 1 3 of awareness regarding micro-plastics has gained momentum recently as one of the leading global challenges due to its presence in oceans and sediments [3] . Once entering the body of an organism, micro-plastics are known to cause health ailments [4] . Apart from that, plastic is also a known source of greenhouse gas emission, as the raw material required for the production of plastic requires mineral oils and energy. Plastic waste has 590 kg carbon material per tonne, which is highest compared to other categories of waste in municipal solid waste (MSW). Plastic production, therefore, releases fresh carbon which was earlier present inside the earth. Land-based activities produce 80% of marine plastic, where dumpsites are known to add 1.1-1.3 million tonnes of marine plastic every year [5] . According to the report published by Ocean Conservancy and Mckinsey Center for Business and Environment, where the focus was kept on plastic waste entering into oceans by five countries, i.e., China, Indonesia, the Philippines, Thailand and Vietnam, 55-60% of the global plastic waste leakage is added by these five developing countries. Where it was also concluded that open dumps lying near the oceans and which are lying in the water ways are a major contributor in the plastic waste leakage and in these five countries, it adds between 1.1 million and 1.3 million metric tonnes of plastic waste per year. Hence, it is important not only to reduce the generation of plastic waste but also to reduce its accumulation in dumpsites or landfills.
Half of all marine plastic pollution is known to enter from a small geographic region involving only five countries, i.e., China, Indonesia, The Philippines, Thailand and Vietnam [5] . These countries have recently seen rapid economic growth and fast urbanisation, which has led to a drastic increase in consumer product utilisation, most of which are made of single-use plastics. Also, due to the lack of advanced waste management systems and on account of long coastlines, these countries are using oceans as a sink for their wastes.
Like the other four countries, Thailand is surrounded by ocean with the southern part of the country having a coastline of 3219 km. Meanwhile, the central part of Thailand is well connected by rivers and tributaries. It is a developing nation with rapid urbanisation and lifestyle growth, with 54.82% of citizens living in the urban area [6] . Plastic consumption habits of Thai citizens are equivalent to the use of 8 bags per day per person, which amounts to 200 billion plastic bags per year [7] .
At present, 37 million people live in Thailand's urban areas. This group produced 24.11 million tonnes of MSW in 2009 before reaching 27.82 million tonnes in 2018 [8] . Although consistent efforts are being made by the Thai government to reduce waste generation, these efforts are not enough, as only 9.58 million tonnes of waste (about onethird) was utilised in 2018. Inevitably, Thailand largely depends on dumping wastes either in landfills or dumpsites. Hence, it is important to reduce the accumulation of plastic waste in landfills and dumpsites to curb marine plastic pollution in Thailand.
Although there efforts are made in Thailand to curb the marine plastic pollution, but due to the dependence of waste management system on informal sector, the direct dumping of waste into the oceans is a common phenomenon [9] . 3% of the total plastic waste generated in Thailand, finds its way to the marine environment [10] . In 2019, the Thai government has declared to put a ban on the use of three plastic, i.e., microbeads, cap seals and oxo-degradable plastics [11] . These efforts are although a welcome step towards reducing plastic waste, are still small when compared to the problem. The recent clean-up by PCD on beaches, coral reef and mangrove forests in 24 provinces collected 33 tonnes of waste, where the major contributor was plastic bags (18.9%), plastic bottles (8.6%), thin shopping bags (8.4%), food packaging (6.1%), straw (4.6%), etc. Most of the residual waste retrieved was plastic waste in some form. The current policy changes and steps taken by Thai government will help in the reduction of plastic waste generation, however, the amount of plastic which is present in the dumpsites or landfills are still prone to leakage. As Thailand is prone to floods and heavy rainfall, the waste in dumpsites and even landfills are very much prone to leakage. This study analyses an effective method to reduce the indirect marine plastic pollution, which is coming from dumpsites and landfills.
On a broader scale, plastic can be divided into two forms: thermoplastics and thermosetting plastics. While thermoplastics can be remoulded and recycled into newer forms of material, thermosetting plastics cannot be recycled. Meanwhile, single-use plastics, due to their mixed components, are extremely difficult to recycle and repurpose. It is these plastics that will exist in its chemical structure, if not physical, for a long period. Single-use plastics are typically light in weight and difficult to valorise, which reduce their desirability among recyclers.
Plastic waste can be reduced by two methods. Segregated plastic can be taken through various steps and recycled into new products as part of a process known as Waste-to-Material (WTM). In WTM, plastic will sustain its chemical structure but only its physical outlook changes. Another method is to use plastic waste to generate energy since plastic can be used as fuel for feedstock to generate energy. This process is called waste-to-energy (WTE). Plastic waste has good calorific value, ranging between 15 and 45 GJ/tonne, according to the kind of plastic and can be used as solid-recovered fuel [12] .
Plastic waste present in landfills or dumpsites is a heterogeneous mixture of different forms of plastic, which is mainly composed of single-use plastic. Single-use plastic is non-recyclable due the presence of various layers and types 1 3 of plastic and non-plastic materials combined in packaging. Therefore, incineration of single-use plastic either is a possible option in the cement industry or power generation industry [13] . When plastic waste is co-fuelled in a cement kiln, it is subjected to high temperatures reaching 1400-1800 °C and long residence times, which ensures complete combustion, while the pollution control system and the kiln environment with calcium oxide rich fine powder material controls the emission of pollutants. As for heavy metals and dioxins emissions, the cement kiln process is well researched and extensive data are available from decades of waste co-fuelling proving emissions to be well below the most stringent national emission standards [14] .
The objective of this study was to determine the plastic recovery potential from dumpsites and landfills in Thailand and to identify the priority provinces, which are contributing to marine plastic pollution. This study also analyses the technical and economic superiority of co-fuelling of plastic wastes in the cement industry over traditional waste-toenergy plants.
Materials and methods

Dumpsite selection
The waste analysis was carried out in two dumpsites to find out the plastic recovery potential of dumpsites and landfills in Thailand, namely Nong-Khae and Nakhon-Nayok. These dumpsites are located in Saraburi province and have been in operation to produce RDF for co-fuelling cement kilns in Siam City Cement Company. Nong-Khae dumpsite is situated 50 km from INSEE Ecocycle's (a wholly owned subsidiary of Siam City Cement Company) waste-processing plant and has been in operation during the last 10 years. This dumpsite has a capacity of 50,000 tonnes and uses two, 80 mm trommel screens to process waste. Nakhon-Nayok, on the other hand, is situated 70 km from the INSEE Ecocycle plant and has received waste for the past 20 years. The capacity of this dumpsite is much more than Nong-Khae and stands at 0.175 million tonnes. Nong-Khae and Nakhon-Nayok dumpsites are processing 1000 tonnes and 500 tonnes of waste per month, respectively, for RDF production.
Both dumpsites have receiving waste for more than a decade, because of which the amount of organic content is reduced drastically due to microbial activities. This increases the concentration of combustible material present in the dumpsite, while the moisture content of the waste is reduced. As the concentration of organics gets reduced, the concentration of combustible material increases making the waste more attractive for RDF production. Such waste found in dumpsites like Nong-Khae and Nakhon-Nayok can be easily processed into RDF, without complex treatment methods.
The dumpsites chosen for this study are located away from urban settlements and are surrounded by paddy fields and small clusters of residential buildings. However, it is the canals situated in close proximity of these dumpsites that make them plausible culprits of marine plastic pollution. The distance between the nearest canal and Nong-Khae dumpsite is only 120 m and 1.5 km in case of Nakhon-Nayok. Having a canal in such close proximity to a dumpsite increases the probability of waste leaking into canals, especially during monsoon seasons when the water level in canals can easily rise resulting in the waste flowing from dumpsite into the canal. In Thailand, most canals are directly connected to major rivers making it easier for water to carry waste from dumpsites to canals which flow into the river and from there into the oceans. Hence, it becomes important to quickly reduce the amount of plastic waste at such dumpsites so that their impact on marine plastic pollution can be reduced.
The operational period of these dumpsites, however, is limited to 8 h/day, which is much less than the capacity of equipment installed at the dumpsites reducing the rate at which waste can be processed. Trommel screens are used to process waste at these two dumpsites, which may create noise pollution, while the excavation of waste from the dumpsite releases gases, such as methane, into the atmosphere and may create a stench in the surrounding area. Longer operating hours, considering sufficient illumination to ensure safe operating conditions will further benefit the operations with the large quantities of waste arriving at the site that also make operations more economically viable.
Sample collection
Waste from two dumpsites were analysed in compliance with the method suggested by [15] to analyse waste composition according to diminishing marginal returns, using the following formula (1): where N i = number of samples, CV = S i /X i , S i = standard deviation, X i = mean of sample, K = 29.88 (constant Z = 1.64 @ 90% confidence).
If value of ΔN i is less than 1, then the number of samples taken are considered as adequate.
The number of samples to be analysed for dumpsite waste in Thailand using formula [1] is five. However, ten samples were analysed in this study to offset the initial instability of the confidence level. All the samples were collected by simple random sampling procedure keeping the volume equal and not haphazard in their spatial orientation [16] . This method is used to reduce the number of samples required for dumpsite waste analysis. As noted earlier, waste from two dumpsites was analysed in this study, as both the dumpsites
were using trommel screens to process waste; three different categories of waste were generated at each dumpsite, i.e., dumpsite waste, trommel processed waste and trommel rejected waste. A total of 30 samples were collected from each dumpsite, 10 each from the three categories.
Out of these three categories, trommel processed waste is taken to the INSEE Ecocycle facility for further processing into RDF. As the trommel rejected waste is left at the dumpsite, it was important to analyse the composition of such rejected waste to understand the amount of plastic waste, which is left at the dumpsite, and to find out the other forms of waste present in the rejected waste, which can be utilised or those that can be segregated as potentially harmful ones.
PCD data analysis
Data for dumpsite and landfill capacities were obtained from the Pollution Control Department (PCD), Ministry of Natural Resources and Environment, Thailand. The data are compiled in the form of a separate list for each province, which includes locations, coordinates, year of operation, area of the site and incoming waste for landfills, dumpsites and WTE plants present in Thailand. Using these data, the amount of incoming waste per day in dumpsites and landfills is multiplied by the number of years of operation to determine the amount of waste present in dumpsites and landfills.
There are 2380 dumpsites in Thailand and only data for 203 (8.53%) of the dumpsites were not available. Although the data provided had information for the majority of the provinces, only two provinces, i.e., Chiang Mai and Samut Sakhon did not have data on more than 50% of the dumpsites. Some segments of data were missing in a few other dumpsites, e.g., the amount of incoming waste or the opening year of operation. For such dumpsites with missing data, an average value of the data was taken for that province to determine the amount of waste present in the dumpsites.
The coordinates of the dumpsites obtained from PCD were used to locate the ones that could be potentially responsible for marine plastic pollution. Geographical locations of all the dumpsites were marked and those present in the provinces situated on the coastline or in the vicinity of rivers were marked as priority dumpsites using the coordinates. Although there are other dumpsites which are present near smaller water bodies, the ones which are located directly in the river shed area or on the coastline are considered as more susceptible to plastic waste leakage. Hence, waste at these dumpsites should be treated before other dumpsites to quickly reduce the growing rate of land-based marine plastic pollution.
Results and discussion
Dumpsite analysis
As mentioned in Sect. 2.1, two dumpsites were analysed during this study. The waste analysed was sorted into nine categories, as shown in Table 1 , along with composition of different waste present at dumpsites.
Waste present at both the dumpsites contains 45.25% and 39.12% of plastic waste, respectively, averaging 42.18%. The organic waste averages out at 42.35%, which is equal to the amount of plastic waste present at the dumpsite. Although the amount of organic waste present in raw MSW in Thailand is about 64%, its concentration decreases to 42.35% over time due to microbial degradation. As the concentration of organic waste reduces, the concentration of plastic waste increases from only 18% in raw MSW to 42.18% at dumpsites. The organic waste present at the dumpsite is largely composed of soil; therefore, it is mentioned as composted organics and soil in Table 1 . While there are other forms of waste present at the dumpsites, their concentration is much smaller when compared to plastic waste or organic waste. Except for metals, ceramics and organics, every other form of waste at the dumpsites are combustible in nature. Whereas the concentration of metals and ceramics is much less compared to organics, it is essential to reduce the amount of organic waste. The trommel screens present at dumpsites are very effective in separating the organic waste, as seen in Table 1 wherein there is a considerable reduction in the concentration of organics from dumpsite waste to trommel processed waste. This is because the major constituent of organic waste consists of composted organic fraction and inorganic soil, which has a much smaller particle size and can easily pass through the sieves of a trommel screen. There is an average increase of 17.45% in plastic composition from dumpsites waste to trommel processed waste because the plastic waste present at the dumpsites is largely composed of plastic bags, which are larger than the 80 mm sieve holes of the trommel screen. Hence trommel screens can effectively increase the concentration of plastic waste. The trommel processed waste, which is used to prepare RDF for the cement kiln, has to be further processed to remove metals and ceramics. Although smaller in concentration, they can still cause hindrance in the cement production process or reduce the quality of the final product.
The trommel rejected waste, left at the dumpsite, is mainly composed of organic wastes having an average value of 72.18%. There is still some plastic waste left forming an average of 19.25%. But most of the plastic waste left at the dumpsite is mixed with large amounts of organics and soil. Moreover, the size of plastics in rejected waste is smaller than 80 mm. Therefore, it will be held within the organic wastes and soil and hence difficult to percolate into water bodies. Rejected waste also comprises many other forms of waste, but their concentration is insubstantial to further sort and extract them as secondary raw materials.
Although the amount of composted organic waste with soil reduces to a certain extent, still it is large enough to make the trommel processed waste unsuitable for co-fuelling in the kiln. Therefore, it is important to further process this waste and remove unwanted material. There are other forms of combustible material that could be found in the dumpsites, but their quantity is miniscule compared to plastic waste, which makes plastic highly attractive to be extracted from waste. Moreover, most of the plastics present in the dumpsites are single-use plastic wastes, which are non-recyclable and can only be incinerated.
Plastic recovery potential of landfills
There are 104 landfills in Thailand of varying capacities complying with Pollution Control Department (PCD) norms. About 214.34 million tonnes of waste is present in these landfills. Extrapolation of the results obtained from the current study implies that the plastic recovery potential for landfills is about 90.42 million tonnes. As the waste stored in landfills is below the ground level, it is less vulnerable to the effects of rain or flooding and will have reduced impact on the addition of marine plastic pollution. Still, it is important to reduce the amount of plastic waste in the landfills but it can be considered less of a priority over dumpsites.
Plastic recovery potential of dumpsites
There are 2380 dumpsites spread across Thailand. Taking the average composition of waste analysis from the current study, the total capacity of dumpsites in the country is 231.08 million tonnes.
Although the number of dumpsites is much larger than landfills, their capacities are much smaller. Hence, the amount of waste present in dumpsites is comparable to that of landfills. About 97.48 million tonnes of plastics and 97.86 million tonnes of organic waste are present in the dumpsites.
The dumpsites in Thailand are divided into two categories, open dumps and controlled dumps. In both cases, the waste is open in the atmosphere and can easily trickle into water bodies during rainy season or floods. Wastes present in open dumps are much more prone to the effects of the environment because these sites lack any control structures or boundaries and are more likely to add to marine plastic pollution. The study recommends considering dumpsites, especially open dumps, as a greater threat to marine plastic pollution and should, therefore, be considered a priority to reduce their impact on marine plastic pollution.
Plastic waste recovery potential of Thailand
Based on the total potential amount of plastic waste present in landfills and dumpsites, the plastic waste recovery potential of Thailand works out to 187.9 million tonnes. As the current waste management practices work on the linear model of waste management where waste is collected and stored away from the urban environment, this waste is bound to exist in the same uncontrolled conditions and will remain open to the effects of the environment. Such a large amount of uncontrolled and unaccounted plastic waste can have a widespread effect on the surrounding areas of the dumpsites and landfills. As the practice of uncontrolled dumping continues, marine plastic waste leakage will increase from the dumpsites located in the vicinity of water bodies.
It is of utmost importance to reduce this plastic waste in dumpsites and landfills to reduce their impact on the marine environment. Co-fuelling of plastic waste in the cement industry is one of the most practical and sustainable methods available to reduce waste. Reducing plastic waste in dumpsites and landfills will not only lessen marine plastic pollution, but will also reduce their impact on the surrounding areas. Moreover, as waste is removed from the landfills and dumpsites, the available space to store waste will also increase. This subsequently increases the lifetime of waste storage facilities and reduces the obligations to create new facilities.
Plastic waste flow in Thailand
There has been steady growth in MSW generation in Thailand along with the economic and urban population growth. Being a rapidly developing country, Thailand is witnessing brisk development of urban centres and equally fastgrowing consumerism. This is reflected in MSW generation being at an all-time high. But the growth of municipal solid waste management (MSWM) has not been able to catch up with the growth of MSW generation. A small fraction of the 25.24 million tonnes of waste generated in Thailand, 25% [2] or 6.31 million tonnes of waste, was managed properly in 2017. Most of the managed waste ends up in landfills and controlled dumping, which is the final stage in MSWM. Although there are five WTE plants, the amount of waste treated by these plants is limited due to the lack of highquality, segregated waste.
As much as 75% mismanaged waste ends up either in uncontrolled open dumps or in the oceans. The amount of waste which is leaking from waste collection and disposal sites is not fully accounted and to reduce marine plastic pollution it is extremely important to increase the collection capacity of MSW. The amount of uncontrolled waste directly dumped into rivers and oceans should be reduced drastically and rapidly.
It can be seen from Fig. 1 that plastic waste comprises 18% of the raw MSW in Thailand. This is 6% higher than the world average [6] . The amount of plastic waste generated in raw MSW is more than the world average and it is bound to increase further in the dumpsites or landfills where it can reach up to 42%. Although most of the waste in Thailand is still mismanaged, the amount of plastic waste going into dumpsites and landfills is quite substantial. As the existing dumpsites and landfills are filling up rapidly the need to create new dumpsites and landfills is increasing to cope up with the growing MSW generation. Without any manageable location for storing waste, the extent of uncontrolled dumping will further increase potentially adding more marine plastic pollution. Therefore, if waste in dumpsites and landfills is reduced, more space will be freed to dispose of new waste that is generated. This way existing waste in the dumpsites and landfills, which is left intact for years, will be put to good use. Utilising waste in dumpsites and landfills for co-fuelling will reduce direct and indirect marine plastic pollution.
Location of landfills
There are 104 landfills in Thailand containing 214.34 million tonnes of waste out of which 90.42 million tonnes is plastic waste. The locations of these landfills in Thailand can be seen in Fig. 2 , along with five WTE plants. The majority of landfills in Thailand are sanitary landfills, which means the waste is stored inside the ground with leachate controlling liners and good surface drainage systems. As the waste is stored below the ground surface the available capacity of a landfill is fixed according to the given land area. The PCD Fig. 1 regulations set the amount of incoming waste to a landfill according to the available land area, making the lifetime of a landfill approximately 20 years. If a landfill is receiving waste in excess of the suggested value by norms, its expected lifetime will decrease. Out of 104 landfills in Thailand, 22 are receiving waste above their capacities, reducing their lifetime to be less than 20 years. Once these landfills are filled, the incoming waste has to be transferred to other locations or it may result in uncontrolled dumping at existing facilities. Six of these landfills are located in provinces along the coastline of Thailand. Therefore, it is necessary to reduce the amount of waste present in these landfills, so that their capacities and lifespan can be increased reasonably.
Location of dumpsites
As mentioned earlier, there are 2380 dumpsites in Thailand and most of them are still uncontrolled. Dumpsites are more affected by the ambient weather conditions whereby waste can easily escape by wind or rain and floods during monsoon seasons. This study suggests that dumpsites present near watershed areas and coastline should be considered as a priority to reduce plastic waste. There are 973 such dumpsites spread over 42 provinces that can act as major contributor to marine plastic pollution due to their proximity to water bodies. Table 2 depicts the provinces in Thailand with the total number of dumpsites in each province. Figure 3 represents the provinces in Thailand. The highlighted provinces should be considered as a priority due to their geographical location. These dumpsites are closest to water bodies where the effect of monsoon season or fast blowing oceanic winds is strongest. Hence, it is necessary to reduce the amount of plastic waste in these dumpsites to control marine plastic pollution. As discussed earlier, the waste present in the dumpsites is open and above ground level meaning it is much easier to extract waste here than from dumpsites than landfills. Therefore, processing waste at dumpsites is more pragmatic and attractive than landfills. 
Co-fuelling in cement industry
Production of cement is an energy intensive process and demand for cement is expected to grow hand-in-hand with the growing economy and urban centres. Cement industries typically use solid fuel in their kilns and rely heavily on coal to generate heat and meet their energy demand. In this study, it is suggested to co-fuel plastic waste from dumpsites and landfills along with coal, which will reduce the dependence on of cement industries on coal.
Plastic waste treatment
Plastic waste segregated from the dumpsites can be treated either by waste-to-energy (WTE) or waste-to-material (WTM). For the mixed plastic waste recovered from dumpsites and landfills, WTE is the preferred form of plastic waste treatment due to the presence of mixed plastic waste. Although according to waste management hierarchy WTM stands above WTE, WTE is a more attractive option in case of plastic waste treatment for waste recovered from dumpsites and landfills. Cement industries can utilise the very crude form of this waste, which does not require sophisticated waste pre-processing.
For WTM, waste recovered from landfills or dumpsites must go through extensive purification and treatment processes to recover a high-quality product, which can be used to produce recyclable material. Moreover, during the waste analysis it was observed that most plastic waste is made up of single-use shopping bags or packaging material, which are made from low-density polyethylene (LDPE). These plastics are also known as single-use plastics and can only be incinerated. Therefore, plastic waste reclaimed from landfills or dumpsites is more suited for WTE. With simple techniques and processes, the waste present at the dumpsites and landfills can simply be converted into solid recovered fuel for cement kilns.
Waste to energy
Energy generated from waste incineration can be utilised either in the form of heat, i.e., waste-to-heat (WTH) where energy is directly utilised in the form of heat, or in the form of waste-to-energy (WTE) where heat generated from combustion is utilised to produce electricity using boilers.
Fuel is fed in cement kilns where incineration takes place and the heat generated from incineration is directly transferred to the raw material for cement production to produce clinker. A cement kiln can attain typically high average efficiencies of 75% and higher [17] . When compared to a cement kiln, energy losses during heat transfer in a traditional WTE plant are much higher as the number of sites where heat transfer takes place are much higher. Therefore, a typical WTE plant can reach an average efficiency of 13% [18] , which is much lower than a cement kiln. Some of the latest and state of the art WTE in Denmark are able to an efficiency of 27% [19] . Hence, a cement kiln will be able to utilise energy from waste much more efficiently when compared to a WTE plant, due to the significant difference in their efficiencies. This study, therefore, suggests that WTH plants, such as cement industries, are well suited to utilise the energy from plastic waste incineration. Table 3 , represents a tabular comparative analysis between cement industry and a waste to energy plant.
End products from waste incineration
Incineration of plastic waste generates end products like ash and emissions. Ash from plastic waste combustion may contain harmful contaminants, such as heavy metals, that are difficult to dispose of. The temperatures inside cement kilns can reach up to 2000 °C [20] . Due to such high temperature, the raw material for cement production turns into molten state. However, when plastic waste is incinerated in the cement kiln the ashes produced from fuel combustion react with molten clinker material and become a part of it [21] . Therefore, the composition of the finished end product of the clinker material contains a portion of combusted waste and the ash produced from it. In the cement process, contents of raw material are monitored to compensate for the addition of ashes from raw materials to achieve the desired product properties.
Another aspect that must be looked into during plastic waste incineration is the generation of dioxins. Due to the long residence time and high temperature in cement kilns, the lime present in the raw material acts as a scrubber to curb emissions. As the exit gases reach dioxin formation temperatures ranging between 200 and 400 °C, the exit gas is quenched in the conditioning towers where temperatures are lowered and dedusting of gas is effectively carried out. This reduces the residence time of exit gases keeping them out of the dioxin forming temperature range thereby reducing the likelihood of dioxin formation. Moreover, chlorine emissions from raw material in cement production far outweigh the chlorine emissions from plastic waste. Ash from waste and coal combustion Air pollution control devices have to be installed to control the emissions Economic Policies No subsidies for waste co-fuelling in cement industries WTE are given subsidies in the form of feed-in tariffs Feed-in-tariffs are divided in two categories, i.e., variable feed-in tariffs and fixed feed-in tariffs 1 3
The percentage of chlorine content in the cement clinker can have a typical value of 0.1% w/w [22] , which is much lower than the chlorine content of the plastic waste. The typical composition of plastic can have 2.5% of chlorine in it [23] . However, the weight of clinker is much higher than the weight of plastic waste in the kiln. Therefore, chlorine emissions released from combusting plastic waste are marginal when compared to what is released by raw material for cement production. In addition, the range for dioxins and furans formation lies between of 250 and 450 °C. As the extreme temperatures inside the kiln and steady conditions are maintained the formation of dioxins and furans are controlled easily [24] . In addition, to that the majority of chloride is released from PVC plastics, which are typically separated from the waste streams due to higher density and ease of recyclability.
Therefore, if plastic waste is utilised in a cement kiln there is no solid waste generated or harmful emissions released. Moreover, there is no need for modification in pollution control devices or the firing process of the kiln. This gives the cement industry technical superiority over traditional WTE plants where modifications in existing emission control devices may be required while using plastic waste for co-fuelling.
Due to these qualities, cement kilns are able to utilise many different forms of waste streams including plastic waste, wood waste, dried sewage sludge, tyres, biomass, etc. Hence, cement kilns can be a superior form of waste disposal method for different forms of waste, requiring minimal modifications in the production process and allowing waste to be utilised for efficient energy generation.
Policies in Thailand
Much like other developing countries, Thailand is shifting its policies to reduce waste generation and setting targets to reduce dependence on fossil fuels to fulfil its energy requirements. According to the Alternative Energy Development Plan (AEDP) 2012-2021 [25], Thailand wishes to generate 25% of total energy demand from alternative energy sources. This includes 400 MW of electricity generation from MSW incineration by 2021, requiring an increase from 66 MW in 2014. To reach this goal, the government is providing subsidies and incentives to promote WTE plants. These subsidies are given in the form of feed-in tariffs, where plants are divided into two broad categories based on their capacity, small power provider (SPP) if it is more than 10 MW and very small power provider (VSPP) if less than 10 MW. VSPP is further divided into three categories ranging from less than 1 MW, between 1-3 MW and 3-10 MW. There are three categories for feed-in tariffs namely, feed-in-tariff (F): fixed feed-in tariffs, feed-in-tariff (V): variable feed-in tariffs, which is fixed based on the investment cost of raw materials used for power generation, varying with time. The third, feed-in-tariff premium, is a special tariff given to the southern border provinces of Yala, Pattani, Narathiwat and Chana, Thepha, Saba-Yoi and Na-Thawi.
Apart from direct feed-in-tariffs support, these plants are also receiving project subsidies and financial support in the form of Energy Service Company (ESCO) fund. Due to policy inclination of government towards WTE plants, it is difficult for WTH plants to effectively utilise MSW as fuel.
Waste pre-processing
Wastes from dumpsites or landfills are not typically suitable to be used as fuel in cement kilns due to the presence of unwanted material as discussed in Sect. 3.1. To make it more suitable, the waste has to go through various pre-processing steps which increases the calorific value of the fuel and removes other unwanted material like metals, which are recyclable in nature, or ceramics, which may not add value to the cement production process.
Each step involved in pre-processing increases the calorific value of waste while removing unwanted material. Typical steps involved in waste pre-processing are shown in Fig. 4 . Pre-processing of waste can be divided into two categories by current practice, i.e., pre-processing at dumpsites and pre-processing at material recovery facilities.
As the waste passes through different steps, the concentration of plastic increases. Only 42% of plastic waste is present at the dumpsites and as it is processed through a trommel screen the concentration of plastic waste increases to 60% in dry solid waste, while in rejected waste it remains around 19%. With further processing, metals are also removed at a material recovery facility. Although metals are only 0.76% in trommel processed waste, they are removed from waste because they can cause damage to the cement production process and reduce the quality of the final product. Additionally, metals are incombustible in nature and can easily be recycled.
Calorific value of waste present at the dumpsite can reach up to 16.74 GJ/tonne. As the waste is processed the calorific value of the final product increases to 18.84 GJ/tonne. Once the waste is excavated from the dumpsite and processed through a trommel screen, the calorific value increases up to 17.58 GJ/tonne. Trommel reject waste, which is largely composed of soil, has 4.18 GJ/tonne of calorific value, which is much less in comparison. Although the calorific value of clean plastic free from moisture and other impurities can reach up to 30 GJ/tonne, the value can only reach up to 18.84 GJ/tonne due to the presence of foreign materials and moisture in dumpsite plastics. The final product having 80% plastic waste is used as fuel in cement kiln, with a typical plastic-to-coal ratio being 5%, though it can be higher if larger volumes of recovered plastics are made available. Figure 5 shows the changes in calorific value of waste as it is processed to produce RDF.
Energy recovery potential of plastic waste
Waste in dumpsites and landfills are one of the biggest untapped sources of energy. The amount of waste accumulated in waste storage facilities have reached such an extensive level that it can be used as a constant source of fuel for WTE or WTH plants. As discussed in previous sections, plastic waste has a significant amount of calorific value in it and the concentration of plastic waste in dumpsites and landfills is suitably large enough to use as fuel. The energy generation potential from waste in dumpsites and landfills is, therefore, significant. From Table 4 , it can be seen that waste accumulated in dumpsites and landfills can be used to generate up to 3868.27 PJ and 3588.05 PJ of energy, respectively. Such a large source of energy can be easily extracted and processed to further increase energy generation, while reclaiming recyclable materials in the process.
With the simple trommel screen processing, waste from a dumpsite can be processed to generate 0.341 PJ of energy. Using a trommel screen is one of the primary steps that can be taken while extracting waste from dumpsites or a landfill, as the inorganic soil content is removed from waste. Once, the waste is passed to a material recovery facility, the energy generation potential is further increased to 2.35 PJ. When compared to raw MSW, where calorific value of waste only remains at 4 GJ/tonne, the energy recovery potential is also notably smaller and remains only at 100.96 PJ. This is due to the presence of high organic waste in raw MSW containing a large moisture content. If 1000 trommel screens were to work all year round, it would require more than 12 years to process all the waste from dumpsites and more than 11 years to process all waste at landfills. Still, a significantly large amount of waste would be left at dumpsites, but considering the fact that most of trommel rejected waste is inorganic soil, it poses no harmful effects to the surrounding area nor does it add to marine pollution. Hence, the significant energy generation potential of waste in landfills and dumpsites makes it a highly appealing choice for solid recovered fuel.
Challenges in co-fuelling
As discussed in previous sections, co-fuelling of plastic waste in the cement industry is an attractive option to treat plastic waste without producing end products such as ash or air emissions. But, much like any other treatment method there are challenges involved in co-fuelling.
Due to the lack of source segregation in Thailand, the waste available for co-fuelling is mixed with foreign materials. This decreases the quality of solid recovered fuel and increases the complexity and cost of pre-processing, which further reduces the attractiveness of plastic waste reclaimed from dumpsites and landfills as fuel for the cement industry. Although WTH plants are technically superior to WTE plants, the Thai government's inclination to increase the dependence on alternative fuels for electricity generation results in policies which provide support to WTE plants. As the policies are more inclined towards WTE plants, the economic benefits for WTH plants or the cement industry remain limited. Also, it becomes difficult to monitor these plants due to the lack of regulations for WTH plants for emission control, solid waste disposal, and raw material usage. As there are no regulations and monitory bodies to regulate the plants, the attractiveness of having a WTH plant reduces among local bodies.
Waste utilisation is still a socially undesirable choice. As it was perceived during the case studies, dumpsites may be limited to a maximum operation time of 8 h/day by inhabitants living around the dumpsites due to noise pollution and stench created by dumpsite operations. Due to such limitations, it becomes challenging for a waste recovery plant to operate under optimum conditions to ensure consistent feed supply.
The challenges involved with WTH plants make it a less appealing solution for plastic waste treatment and with the government's inclination towards WTE, it is difficult for operators to valorise plastic waste. Moreover, with the social acceptability of waste utilisation still being an unsavoury idea to locals, it becomes difficult for the WTH industry to procure a high-quality waste feed. Some of these challenges can be common for both WTE and WTH plants, but without the required support from governing bodies, the survival of WTH plants can be very difficult.
Conclusions
This study clearly shows that reducing plastic waste from dumpsites and landfills can play an important role in reducing marine plastic pollution from land-based activities in Thailand. It is recommended that dumpsites which are located in the provinces near river shed areas or along the coastline of Thailand should be considered as priority to reduce marine plastic pollution. Waste accumulated in dumpsites and landfills can be used to generate 3868.27 PJ and 3588.05 PJ of energy, respectively. If recovered, this energy waste can be utilised as a fuel in cement kilns thus reducing the amount of waste in dumpsites and landfills. The study suggests that cement industries can be utilised as a sustainable sink for plastic waste to reduce marine plastic pollution in Thailand.
